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Description

This invention relates to an improved method for the production of butanol and smaller amounts of
other solvents by a fermentation process conducted in the presence of carbon monoxide.

The fermentation of carbohydrates to form butanol and acetone by Clostridium acetobutylicum
(hereafter abbreviated C. acetobutylicum) was disclosed by Weizmann in U.S. Patent 1,315,685. For many
years, this process was used for the preparation of acetone and butanol, and a certain amount of ethyl
alcohol was obtained as a by-product.

Eventually, the microbial process was displaced by chemical processes which provide the same
products using cheap fossil fuel raw materials. However, the gradual depletion of petroleum fossil fuel with
the resultant increase in prices of petrochemical feedstocks has revived interest in the fermentation
reaction that uses carbohydrates, which are renewable raw materials.

The earlier commercial production of butanol by the fermentation process gave relatively large
amounts of the less-valuable solvent, acetone, as a by-product. In addition, large volumes of hydrogen gas
were evolved. The formation of these by-products uses up carbohydrate which could be otherwise
converted to the more-valuable butanol. It would, therefore, be an improvement in the process if some
means could be provided to reduce the formation of the by-products, acetone and hydrogen, and to
increase the yield of butanol.

In 1937, Simon and Weizmann reported an attempt to modify the fermentation by C. acetobutylicum
with carbon monoxide, Fnzymologia, 4, 169—188 (1937). They reported there was no change in the
fermentation of a 5% suspension of corn mash when a slow stream of carbon monoxide was passed
through the fermentation medium. Simon later reported, Arch. Biochem., 13, 237—243 (1947), that this
failure to influence the fermentation with a 5% corn mash is apparently due to mechanical factors. When
the fermentation is run with a more dilute mash or in the presence of simpler sugars, it is almost
completely inhibited when a stream of carbon monoxide is passed through the medium. Simon also
isolated bacterial cells from a 24-hour fermentation and found that they would ferment glucose in an
atmosphere of carbon monoxide. Under these conditions, the product was exclusively racemic lactic acid.

We have now discovered, surprisingly, that if carbon monoxide is diluted sufficiently it exhibits an
entirely different influence on the course of the fermentation of carbohydrates by C. acetobutylicum. When
the fermentation is run in the presence of properly diluted carbon monoxide, the formation of acetone and
hydrogen is reduced and the production of butanol is increased. Furthermore, if the fermentation is carried
out in the presence of butyric acid, the carbon monoxide greatly enhances its conversion to butyl alcohol.

In accordance with this invention, there is provided an improved process for the preparation of butanol
by the fermentation of carbon-containing compounds by C. acetobutylicum. This improved process
comprises conducting the fermentation in an aqueous medium containing a sufficient concentration of
dissolved carbon monoxide to give increased yields of butanol over those obtained in the absence of
carbon monoxide and decreased vyields of hydrogen and acetone over those obtained in the absence of
carbon monoxide.

Further, in accordance with this invention, there is provided a process for the preparation of butanol by
the fermentation of carbon-containing compounds comprising butyric acid by Clostridium acetobutylicum
wherein the improvement comprises conducting the fermentation in the presence of an aqueous medium
containing a sufficient concentration of dissolved carbon monoxide to give an increased conversion of
butyric acid to solvents over the conversion obtained in the absence of carbon monoxide.

The fermentation process of this invention involves the fermentation of carbohydrates by a strain of C.
acetobutylicum to form butanol and lesser amounts of other materials. In general, any strain of C
acetobutylicum which forms primarily butanol can be employed. A useful strain for the practice of this
invention is the strain of C. acetobutylicum, ATCC 4259, which is available from the American Type Culture
Collection, Rockville, Maryland. A preferred strain for the use of this invention is the asporogenic strain of
C. acetobutylicum, ATCC 39236, which is described in detail in U.S. Patent 4521516, titled “Improved Strain
of Clostridium acetobutylicum and Process for Its Preparation”.

The carbohydrate used in the practice of this invention can be any carbohydrate that is fermented by
the strain of C. acetobutylicum used. These carbohydrate sources include solubilized starches and sugar
syrups, as well as glucose or sucrose in pure or crude forms. The fermentation medium should also contain
nutrients and other growth factors needed for growth and reproduction of the microorganism employed.

When the strains of C. acetobutylicum are ATCC 4259 or ATCC 39236, a suitable medium for carrying
out the fermentation process of this invention comprises an aqueous solution of a fow D.E. (dextrose
equivalent) starch hydrolyzate to which has been added a small amount {from about 0.5% to about 2% by
weight, dry basis) of corn steep liquor. Small amounts of corn gluten can also be added to the fermentation.
Low D.E. (about 5 D.E. to about 20 D.E.) starch hydrolyzates produced by the partial hydrolysis of starch, are
readily available from the corn milling industry. Likewise, corn steep liquor, which is produced when corn is
steeped in a dilute solution of sulfur dioxide, is available from the corn wet-milling industry.

The fermentation process of the present invention is initiated by introducing cells of a strain of C.
acetobutylicum into a sterile medium in an inoculum-producing reactor. Fermentation is allowed to
continue until a good growth of cells is developed. These cells can be used to inoculate the fermentation
used for solvent production. Alternatively, these cells can be used to inocuiate a continuous culture runin a
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chemostat operated as a continuous inoculum-producing reactor. The continuous inoculum-producing
reactor is run at a dilution rate which prevents the buildup of solvents in the medium and produces
vigorous healthy cells of the culture with little exposure to butanol. This is accomplished by a proper
selection of dilution rate. In the description of such a reactor, the words “dilution rate” designate the vaiue
obtained by dividing the flow rate of the medium through the reactor in volume units per hour by the
operating volume of the reactor measured in the same volume units. It has the dimensions of per hour.

Inoculum formation and solvent production are carried out at a temperature of from about 34°C to
about 40°C and at a pH of from about 4.5 to about 6.5. The reactions are run under anaerobic conditions
using medium which has been sterilized by heat or other means well known in the fermentation art.

The carbon monoxide used in the process of this invention need not be pure but should not contain
impurities which react with or inhibit the fermentation by C. acetobutylicum. The carbon monoxide used in
the process of this invention is diluted with other gases such as nitrogen, hydrogen and carbon dioxide,
which do not react with or inhibit the fermentation by C. acetobutylicum. A convenient gas used for the
dilution of carbon monoxide is the commercially available anaerobic gas mixture which contains
approximately 90% nitrogen, 5% hydrogen and 5% carbon dioxide, available from the Mathaeson
Company, Joliet, lllinois.

In the practice of this invention, the fermentation is carried out in an agueous medium in equilibrium
with a gas containing carbon monoxide at a partial pressure of from about 0.05 atm (5066.25 Pa) to about
0.3 atm (30397.5 Pa). Although lower partial pressures of carbon monoxide can be used, they exert less
influence on the products of the fermentation. Higher partial pressures of carbon monoxide can also be
employed, but they inhibit the fermentation process and the growth of cells to such an extent that they are
not useful. The preferred partial pressure of carbon monoxide in the gas used in the process of this
invention, is from about 0.1 atm to 0.2 atm.

In practicing the carbon monoxide modulated fermentations of this invention, the fermentations can
be carried out in any manner such that the carbon monoxide-containing gas is in intimate contact with the
fermentation medium. This can be achieved by sparging the fermentation medium with the carbon
monoxide-containing gas or by-stirring the medium in a closed container which contains the gas of desired
concentration in the headspace of the container.

Other methods of gas liquid contact which are routinely practiced in biochemical processing and which
are familiar to practitioners in the field can be used.

An unexpected benefit of the carbon monoxide modulated fermentation of this invention is the
discovery that it gives increased conversion of butyric acid to solvents. This is observed when butyric acid
is used as part of the carbon-containing material in the fermentation medium. This finding is important
since butyric acid is available as a by-product of other fermentation reactions.

The following examples further describe the embodiments of this invention. All parts are by weight
and all percentages are by weight unless expressly stated to be otherwise.

Solvent concentrations were determined using high-performance liquid chromatography (HPLC).
Components were analyzed chromatographically by elution with 0.006 N (0.003 M} H,SO, from a
cation-exchange resin in the hydrogen form. The eluted components were detected by means of a
differential refractometer, plotted on a recorder and quantitated using an electronic integrator. The area
under the curve, which represents the concentration of each component, is reported as a percentage of the
total area. The general procedure is that given in “Analysis of Carbohydrate Mixtures by Liquid
Chromatography”, Am. Soc. Brew. Chem. Proc., 1973, pp. 43—46. The separations were made on a 1-foot
HPX-87 column in the hydrogen form, available from Bio-Rad Laboratories, Richmond, California.

Example 1

A culture of C. acetobutylicum, ATCC 39236, available from the American Type Culture Collection,
Rockville, Maryland, was used in this example. Seed culture for initiating a continuous culture was
developed in a 125-mi Erienmeyer seed flask containing 100 mi of an aqueous medium consisting of 10%
by weight dry basis of a 10 D.E. starch hydrolyzate (available from the Grain Processing Company,
Muscatine, lowa, as Maltrin M-100), and 1% by weight dry basis of corn steep liquor (available from the
Corn Products Unit of CPC International Inc., Englewood Cliffs, New Jersey, as Code E801). The pH of the
medium was adjusted to 6.2 with concentrated NH,OH solution before it was sterilized by heating in an
autoclave at 121°C for 20 minutes. The cool sterile medium in a seed flask was inoculated with 5 mi of a
suspension of cells of the culture contained in the same medium. The seed flask with inoculated medium
was incubated in an anaerobic chamber for 21 hours at 35°C.

Seed culture (75 ml) from the seed flask was used to inoculate a continuous fermentation conducted
under anaerobic conditions in a standard 2-liter New Brunswick Bioflow, Model C-30 chemostat containing
a bottom-driven magnetic stirrer. The aqueous medium used for the fermentation contained 6% by weight
dry basis of 10 D.E. starch hydrolyzate and 0.75% by weight dry basis corn steep liquor adjusted to a pH of
5.0—5.1 with 4 M NaOH. The operating volume was 725 ml. The fermentor was first filled with growth
medium sparged with anaerobic grade CO; for 30 minutes before it was adjusted to a pH of 6.1 to 6.2 with
concentrated ammonium hydroxide. The mixture was then inoculated with the seed culture and stirred ata
rate of 200 revolutions per minute at 37°C for 4 hours before medium flow in and out of the fermentor was
begun. The seed culture chemostat was maintained at a dilution rate of 0.25 hr~'. When the cells in the
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continuous fermentor were growing rapidly at the acidogenic stage of the fermentation, they were used to
inoculate the fermentation of the example.

For this example, the fermentation broth was prepared using 50 g/l of starch hydrolyzate, 6.25 g/l of
corn steep liquor and 4 g/l of corn gluten. Sodium acetate was added to the medium to give the acetate
equivalent of an acetic acid concentration of 5 g/l. Fermentations were conducted in sealed serum vials of
160 ml capacity. Into each vial was placed 10 ml of the fermentation medium and 10 ml of inoculum. The
headspace gas in the vials was made up of CO (0.1 atm), (10132.5 Pa), N, (0.8 atm) (81060 Pa), CO, {0.05
atm) (5066.25 Pa) and H,, (0.05 atm) (5066.25 Pa). A control was run which initially contained 0.9 atm N,, 0.05
atm CO,, 0.05 atm H,, and no CO in the headspace. The initial pH of the fermentation broth was 5.45 and the
flasks were shaken at 200 revolutions per minute at 35::1°C for 48 hours. At the end of the fermentation, the
gases were carefully released from the vials and collected over acidified brine. The gas volume was
measured and its composition was determined by gas chromatography. The liguid was analyzed for
organic acids and solvents by high-performance liquid chromatography. Carbohydrate in the liquid was
measured as dextrose using a YSI glucose analyzer (available from the Yellow Springs Instrument
Company of Yellow Springs, Ohio) after a sample of the mixture had been hydrolyzed with glucoamylase.
Results of the example and the control given in Table | show that the uptake of organic acids and the
production of butanol (BuOH) and ethanol (EtOH) is enhanced and that the production of hydrogen and
acetone is decreased when carbon monoxide is present in the fermentation vials.

TABLE |
Carbohydrate Acids (g/l)
conc. (g/l Solvents (g/l)
as dextrose) Acetic Butyric H,
Headspace Acetone BuOH EtOH Produced
CO (atm) (Pa) Ohr 48 hr Ohr 48 hr Ohr 48hr 48 hr 48 hr 48 hr {al)
Example
0.1 47.3 1.8 4.3 3.2 1.8 0.4 4.3 12.8 25 0.62
(10132.5 Pa)
Control 7
o] 47.3 0.7 4.8 4.0 1.5 1.8 6.2 1.7 0.9 1.0
Example 2 :

The general procedure of Example 1 was followed except that no sodium acetate was added to the
fermentation medium. As a consequence, no acetic acid was present at the start of the fermentation. Each
fermentation vial contained 20 ml of fermentation medium and 2 ml of inoculum. Sufficient butyric acid
was added to give an initial butyric acid concentration of 4.4 g/l and the fermentations were run for 72
hours. The results given in Table Il show that the uptake of butyric acid and the production of butanol and
ethanol is enhanced and the production of acetone is decreased when carbon monoxide is present in the
fermentation vials. ’

TABLE |l
Carbohydrate Acids {g/l)
conc. (g/l as Solvents {g/l)
dextrose) Acetic Butyric
Headspace Acetone BuOH EtOH
CO(atm) (Pa) Ohr 72hr Ohr 72hr Ohr 72hr 72 hr 72 hr 72 hr
Example
0.1 53.0 1.2 o 2.9 4.4 0.9 4.4 14.0 1.4
{10132.5 Pa)
Control
0 53.0 1.0 0 24 4.4 23 5.5 12.4 0.7
Example 3

The general procedure of Example 2 was followed except that the fermentation vials contained 30 ml of
medium and 3 mi of inoculum. In this experiment, the fermentation gases were released every 24 hours
and a calculated amount of carbon monoxide was injected to maintain the carbon monoxide partial
pressure at 0.1 atm (10132.5 Pa). In a second experiment the carbon monoxide partial pressure was
increased to 0.15 atm (15198.75 Pa) after 24 hours and returned to this partial pressure by another addition
of carbon monoxide after 48 hours. Analyses of the starting materials and final products after 72 hours for
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these two examples and for a control to which no carbon monoxide was added are given in Table lli. These
results show the increased production of butanol and ethanol and the reduced production of acetone in the
presence of carbon monoxide.

TABLE Ilf
Carbohydrate
conc. {(g/l as Butyric Solvents (g/l)
dextrose) acid {(g/l)
Headspace Acetone BuOH EtOH Butanol
CO (atm) (Pa} Ohr 72hr Ohr 72hr 72 hr 72 hr 72 hr yield®
Examples
0.1 51.4 04 4.8 1.0 3.8 14.7 1.6 0.27
(10132.5 Pa) '
{0—72 hr)
0.1 51.4 0.3 4.8 0.6 2.9 15.0 2.0 0.27
(10132.5 Pa)
(0—24 hr)
0.15
(15198.75 Pa)
{24—72 hr)
Control
0 51.4 0.3 4.8 1.4 5.1~ 13.3 0.8 0.24
g Butanol produced
) Butanol yield=
g Carbohydrate consumed-+g butyric acid consumed
Example 4
The general procedure of Example 1 was followed using higher initial concentrations of carbohydrate
in the fermentation medium. The fermentation medium consisted of approximately 90 g/l of 10 D.E. starch

hydrolyzate, 12.5 g/l corn steep liquor to which was added 7 g/l of butyric acid. The inoculum was prepared
by growing cells for 18 hours in 100 mi of the fermentation medium in a 125-ml Erienmeyer seed flask. For
the fermentations, 3 ml of the seed inoculum was added to 30 mi of the fermentation medium and the
fermentation was conducted at 34°C. The fermentation gases were vented at 24-hour intervals and a
calculated amount of carbon monoxide was added to maintain its partial pressure at 0.1 atm (10132.5 Pa).
After 76 hours, the fermentations had stopped. The fermentation broths were then analyzed for residual
carbohydrates, solvents, and acids. Control runs were made in which no carbon monoxide was added to
the headspace. The results given in Table IV show that increased amounts of butyric acid are converted to
solvents in the presence of carbon monoxide. Further, larger amounts of butanol and ethanol were
produced in the presence of carbon monoxide even though more carbohydrate was consumed in the
control experiments. The amount of acetone produced was also much less in the fermentations run in the
presence of carbon monoxide.



10

15

20

25

30

35

40

50

55

60

65

EP 0146 075 B1

TABLE IV
Carbohydrate
conc. (g/l as Butyric Solvents {g/l)
dextrose) acid (g/l)
Headspace Acetone BuOH EtOH Butanol
CO (atm) (Pa) Ohr 76hr Ohr 76 hr 76 hr 76 hr 76 hr yield®
Exampies
0.1 86.6 33.0 7.0 2.0 3.7 163 0.9 0.28
{10132.5 Pa)
0.1 86.6 32.3 7.0 2.2 3.8 15.9 0.8 0.27
(10132.5 Pa)
Controls
0 89.5 26.7 7.0 5.2 6.8 14.1 0.4 0.22
0 89.5 27.1 7.0 5.2 6.7 14.2 0.4 0.22

g Butanol produced

3 Butanol yield=
g Carbohydrate consumed+g butyric acid consumed

Example 5

To 1 liter of a culture medium containing 60 g of 10 D.E. starch hydrolyzate, 7.5 g of corn steep liquor
and 5 g of corn gluten in a 2-liter stirred fermentor was added 100 mi of inoculum prepared as in Example 1.
A 50-m! portion of the inoculated medium was removed and allowed to ferment in a sealed serum vial
which contained no CO to serve as a control. The fermentor was stirred at a rate of 200 rpm while the liquid
was sparged at the rate of 100 mi/min with a gas containing by volume percentages 20% CO, 30% H,, 48%
N, and 2% CO,. The fermentation was conducted at 35°C.

Initialiy, the fermentor sparged with CO began to produce lactic acid, butanol and ethanol. During this
phase, the pH was controlled at about 5 by the addition of 4 M NaOH. After 50 hours, about 30% of the
carbohyrate had been consumed and the lactic acid reached a peak concentration of 6 g/l. The fermentation
then began to consume lactic acid and produce increased amounts of butanol and ethanol. At this stage,
the pH was allowed to rise to about 6 and was controlled at this value by the addition of 4 M HCI. After 100
hours, the concentration of lactic acid had fallen to below 1 g/l. The fermentation was stopped after 190
hours when 94% of the carbohyrdate had been consumed. No acetone was produced during the entire
fermentation. The control which contained no carbon monoxide in the headspace gave no evidence of
producing an appreciable amount of lactic acid and produced acetone to a concentration of 4.8 g/l. This
experiment demonstrates that when the fermentation with C. acetobutylicum is conducted in the presence
of CO at a partial pressure of 0.2 atm {20265 Pa) or higher, there is no production of acetone. It also shows
that the fermentation can be made to produce a fairly high concentration of lactic acid which is metabolized
upon further fermentation. -

Thus, it is apparent that there has been provided, in accordance with the invention, an improved
fermentation process for the production of butanol which reduces the formation of the by-products,
acetone and hydrogen. While the invention has been described in conjunction with specific embodiments
thereof, it is evident that many alternatives, modifications, and variations will be apparent to those skilled
in the art in light of the foregoing description. Accordingly, it is intended to include all such alternatives,
modifications, and variations as set forth within the spirit and scope of the appended claims.

Claims

1. A process for the preparation of butanol by the fermentation of carbon-containing compounds by
Clostridium acetobutylicum characterized in that the fermentation is conducted in the presence of an
aqueous medium in equilibrium with a gas containing carbon monoxide at a partial pressure of from about
0.05 atm (5066.25 Pa) to about 0.3 atm (30397.5 Pa) which provides a sufficient concentration of dissolved
carbon monoxide to give increased yields of butanol over those obtained in the absence of carbon
monoxide and decreased vields of hydrogen and acetone over those obtained in the absence of carbon
monoxide.

2. The process of claim 1 characterized in that the fermentation is carried out at a temperature from
34°C to 40°C.

3. The process of claim 1 characterized in that the fermentation is carried out at a pH of from 4.5 to 6:5.

4. The process of claim 1 characterized in that the carbon-containing compounds comprise a starch
hydrolyzate of from 5 to 20 dextrose equivalents (D.E.).
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5. The process of claim 1 characterized in that the carbon-containing compounds comprise acetic acid.

6. The process of claim 1 characterized in that the fermentation reaction medium is sparged with a
carbon monoxide-containing gas.

7. The process of claim 1 characterized in that the Clostridium acetobutylicum used is strain ATCC
39236.

8. The process of any of claims 1 to 7 further characterized in that the carbon-containing compounds
also comprise butyric acid.

Patentanspriiche

1. Verfahren zur Herstellung von Butanol durch die Vergarung Kohlenstoff-haltiger Verbindungen
durch Clostridium acetobutylicum, dadurch gekennzeichnet, dal? die Vergdrung in Gegenwart eines
wisserigen Mediums ausgefiihrt wird, das im Gleichgewicht mit einem Gas steht, das Kohlenmonoxid bei
einem Partialdruck von etwa 0,05 Atmosphéren (5066,25 Pa) bis etwa 0,3 Atmosphéren (30397,5 Pa)
enthalt, das eine ausreichende Konzentration an gelostem Kohlenmonoxid liefert, um hohere
Butanolausbeuten als jene zu liefern, die in Abwesenheit von Kohlenmonoxid erhalten werden, und um
niedrigere Ausbeuten an Wasserstoff und Aceton als jene zu liefern, die in Abwesenheit von
Kohlenmonoxid erhalten werden.

2. Verfahren nach Anspruch 1, dadurch gekennzeichnet, daB die Vergérung bei einer Temperatur von
34°C bis 40°C ausgefiihrt wird.

3. Verfahren nach Anspruch 1, dadurch gekennzeichnet, da die Vergérung bei einem pH-Wert von 4,5
bis 6,5 ausgefihrt wird.

4, Verfahren nach Anspruch 1, dadurch gekennzeichnet, daR die Kohlenstoff-haltigen Verbindungen
ein Stirkehydrolysat mit 5 bis 20 Dextrosedquivalenten (DE) enthalten.

5. Verfahren nach Anspruch 1, dadurch gekennzeichnet, da® die Kohlenstoff-haltigen Verbindungen
Essigsdure enthalten.

6. Verfahren nach Anspruch 1, dadurch gekennzeichnet, da in das Fermentationsreaktionsmedium
ein Kohlenmonoxid enthaltendes Gas eingeperit wird.

7. Verfahren nach Anspruch 1, dadurch gekennzeichnet, da® das verwendete Clostridium
acetobutylicum der Stamm ATCC 39236 ist. ’

8. Verfahren nach einem der Anspriiche 1 bis 7, weiterhin dadurch gekennzeichnet, daR die
Kohlenstoff-haltigen Verbindungen auch Butterséure enthalten.

Revendications

1. Procédé de préparation de butanol par la fermentation de composés carbonés par Clostridium
acetobutylicum, caractérisé en ce que la fermentation est conduite en présence d'un milieu aqueux en
équilibre avec un gaz contenant de I’'oxyde de carbone a une pression partielle d'environ 5066 Pa (0,05 atm)
4 environ 30 397 Pa (0,3 atm), donnant lieu a une concentration suffisante d’oxyde de carbone dissous pour
produire des rendements accrus de butanol par rapport & ceux qu’on obtient en I'absence d'oxyde de
carbone et des rendements réduits d'hydrogéne et d’acétone en comparaison de ceux qu’on obtient en
I'absence d'oxyde de carbone.

2. Procédé selon la revendication 1, caractérisé en ce que la fermentation est conduite a une
température de 34°C a 40°C. .

3. Procédé selon la revendication 1, caractérisé en ce que la fermentation est conduite 3un pHde 4,52
6,5.

4. Procédé selon la revendication 1, caractérisé en ce que les composés carbonés comprennent un
hydrolysat d’amidon de 5 & 20 équivalents de dextrose (DE).

5. Procédé selon la revendication 1, caractérisé en ce que les composés carbonés comprennent de
I'acide acétique.

6. Procédé selon la revendication 1, caractérisé en ce qu‘on fait barboter un gaz contenant de |'oxyde
de carbone dans le milieu de réaction de fermentation.

7. Procédé selon la revendication 1, caractérisé en ce que la Clostridium acetobutylicum utilisé est la
souche ATCC 39236.

8. Procédé selon I'une quelconque des revendications 1 a 7, caractérisé en outre en ce que les
composés carbonés comprennent aussi de 'acide butyrigue.
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